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LIGHT EMITTING DIODES INCLUDING 
MODIFICATIONS FOR LIGHT EXTRACTION 
AND MANUFACTURING METHODS THEREFOR 

Cross-Reference to Provisional Applications 

This application claims the benefit of Provisional Application Serial No. 
60/265,707, filed February 1, 2001 entitled Light Emitting Diode With Optically 
Transparent Silicon Carbide Substrate, and Provisional Application Serial No. 
5 60/307,235, filed July 23, 2001, entitled Light Emitting Diodes Including 
Modifications for Light Extraction and Manufacturing Methods Therefor, the 
disclosures of both of which are hereby incorporated herein by reference in their 
entirety as if set forth fully herein. 

0 Field of the Invention 

This invention relates to microelectronic devices and fabrication methods 
therefor, and more particularly to light emitting diodes (LEDs) and manufacturing 
methods therefor. 



15 Background of the Invention 

Light emitting diodes are widely used in consumer and commercial 
applications. As is well known to those having skill in the art, a light emitting diode 
generally includes a diode region on a microelectronic substrate. The microelectronic 
substrate may comprise, for example, gallium arsenide, gallium phosphide, alloys 

20 thereof, silicon carbide and/or sapphire. Continued developments in LEDs have 
resulted in highly efficient and mechanically robust light sources that can cover the 
visible spectrum and beyond. These attributes, coupled with the potentially long 
service life of solid state devices, may enable a variety of new display applications, 
and may place LEDs in a position to compete with the well entrenched incandescent 

25 and fluorescent lamps. 

One measure of efficiency of LEDs is the cost per lumen. The cost per lumen 
for an LED may be a function of the manufacturing cost per LED chip, the internal 
quantum efficiency of the LED material and the ability to couple or extract the 
generated light out of the device. An overview of light extraction issues may be 
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found in the textbook entitled High Brightness Light Emitting Diodes to Stringfellow 
et al., Academic Press, 1997, and particularly Chapter 2, entitled Overview of Device 
Issues in High-Brightness Light Emitting Diodes, to Craford, at pp. 47-63. 

Light extraction has been accomplished in many ways, depending, for 
5 example, on the materials that are used to fabricate the diode region and the substrate. 
For example, in gallium arsenide and gallium phosphide material systems, a thick, p- 
type, topside window layer may be used for light extraction. The p-type window 
layer may be grown because high epitaxial growth rates may be possible in the 
gallium arsenide/gallium phosphide material systems using liquid and/or vapor phase 

1 0 epitaxy. Moreover, current spreading may be achieved due to the conductivity of the 
p-type topside window layer. Chemical etching with high etch rates and high etch 
selectivity also may be used to allow the removal of at least some of the substrate if it 
is optically absorbent. Distributed Bragg reflectors also have been grown between an 
absorbing substrate and the diode region to decouple the emitting and absorbing 

1 5 regions. 

Other approaches for light extraction may involve mechanical shaping or 
texturing of the diode region and/or the substrate. However, it may be desirable to 
provide other light extraction techniques that can allow further improvements in 
extraction efficiency. Moreover, it may be desirable to increase the area of an LED 

20 chip from about 0. 1 mm 2 to larger areas, to thereby provide larger LEDs. 

Unfortunately, the effectiveness of these shaping techniques may not be maintained as 
the chip dimensions are scaled up for higher power/intensity and/or other applications. 

Much development interest and commercial activity recently has focused on 
LEDs that are fabricated in or on silicon carbide, because these LEDs can emit 

25 radiation in the blue/green portions of the visible spectrum. See, for example, U.S. 
Patent 5,416,342 to Edmond et al., entitled Blue Light-Emitting Diode With High 
External Quantum Efficiency, assigned to the assignee of the present application, the 
disclosure of which is hereby incorporated herein by reference in its entirety as if set 
forth fully herein. There also has been much interest in LEDs that include gallium 

30 nitride-based diode regions on silicon carbide substrates, because these devices also 
may emit light with high efficiency. See, for example, U.S. Patent 6,177,688 to 
Linthicum et al., entitled Pendeoepitaxial Gallium Nitride Semiconductor Layers On 
Silicon Carbide Substrates, the disclosure of which is hereby incorporated herein by 
reference in its entirety as if set forth fully herein. 
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In such silicon carbide LEDs or gallium nitride LEDs on silicon carbide, it 
may be difficult to use conventional techniques for light extraction. For example, it 
may be difficult to use thick p-type window layers because of the relatively low 
growth rate of gallium nitride. Also, although such LEDs may benefit from the use of 
5 Bragg reflectors and/or substrate removal techniques, it may be difficult to fabricate a 
reflector between the substrate and the gallium nitride diode region and/or to etch 
away at least part of the silicon carbide substrate. 

U.S. Patent 4,966,862 to Edmond, entitled Method of Production of Light 
Emitting Diodes, assigned to the assignee of the present application, the disclosure of 

1 0 which is hereby incorporated herein by reference in its entirety as if set forth fully 
herein, describes a method for preparing a plurality of light emitting diodes on a 
single substrate of a semiconductor material. The method is used for structures where 
the substrate includes an epitaxial layer of the same semiconductor material that in 
turn comprises layers of p-type and n-type material that define a p-n junction 

1 5 therebetween. The epitaxial layer and the substrate are etched in a predetermined 

pattern to define individual diode precursors, and deeply enough to form mesas in the 
epitaxial layer that delineate the p-n junctions in each diode precursor from one 
another. The substrate is then grooved from the side of the epitaxial layer and 
between the mesas to a predetermined depth to define side portions of diode 

20 precursors in the substrate while retaining enough of the substrate beneath the grooves 
to maintain its mechanical stability. Ohmic contacts are added to the epitaxial layer 
and to the substrate and a layer of insulating material is formed on the diode 
precursor. The insulating layer covers the portions of the epitaxial layer that are not 
covered by the ohmic contact, any portions of the one surface of the substrate adjacent 

25 the mesas, and the side portions of the substrate. As a result, the junction and the side 
portions of the substrate of each diode are insulated from electrical contact other than 
through the ohmic contacts. When the diodes are separated they can be 
conventionally mounted with the junction side down in a conductive epoxy without 
concern that the epoxy will short circuit the resulting diode. See the abstract of U.S. 

30 Patent 4,966,862. 

U.S. Patent 5,210,051 to Carter, Jr., entitled High Efficiency Light Emitting 
Diodes From Bipolar Gallium Nitride, assigned to the assignee of the present 
application, the disclosure of which is hereby incorporated herein by reference in its 
entirety as if set forth fully herein, describes a method of growing intrinsic, 
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substantially undoped single crystal gallium nitride with a donor concentration of 
7 x 10 17 cm 3 or less. The method comprises introducing a source of nitrogen into a 
reaction chamber containing a growth surface while introducing a source of gallium 
into the same reaction chamber and while directing nitrogen atoms and gallium atoms 
5 to a growth surface upon which gallium nitride will grow. The method further 

comprises concurrently maintaining the growth surface at a temperature high enough 
to provide sufficient surface mobility to the gallium and nitrogen atoms that strike the 
growth surface to reach and move into proper lattice sites, thereby establishing good 
crystallinity, to establish an effective sticking coefficient, and to thereby grow an 

1 0 epitaxial layer of gallium nitride on the growth surface, but low enough for the partial 
pressure of nitrogen species in the reaction chamber to approach the equilibrium 
vapor pressure of those nitrogen species over gallium nitride under the other ambient 
conditions of the chamber to thereby minimize the loss of nitrogen from the gallium 
nitride and the nitrogen vacancies in the resulting epitaxial layer. See the abstract of 

15 U.S. Patent 5,210,051. 

In view of the above discussion, improved light extraction techniques may be 
desirable for LEDs, especially LEDs that are fabricated from silicon carbide, that are 
fabricated from gallium nitride on silicon carbide and/or that have a relatively large 
area. 

20 

Summary of the Invention 

Light emitting diodes according to some embodiments of the invention include 
a substrate having first and second opposing faces that is transparent to optical 
radiation in a predetermined wavelength range and that is patterned to define, in 

25 cross-section, a plurality of pedestals that extend into the substrate from the first face 
towards the second face. As used herein, the term "transparent" refers to an element, 
such as a substrate, layer or region that allows some or all optical radiation in a 
predetermined wavelength range to pass therethrough, i.e., not opaque. A diode 
region on the second face is configured to emit light in the predetermined wavelength 

30 range, into the substrate upon application of voltage across the diode region. In other 
embodiments, a mounting support on the diode region, opposite the substrate is 
configured to support the diode region, such that the light that is emitted from the 
diode region into the substrate, is emitted from the first face upon application of 
voltage across the diode region. In some embodiments, the light emitting diode on a 
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transparent substrate with pedestals is flip-mounted on a mounting support, with the 
diode region adjacent to the mounting support and a substrate opposite the mounting 
support, for light emission through the substrate. In other embodiments, the light 
emitting diode on a transparent substrate with pedestals is mounted on a mounting 
5 support, with the substrate adjacent to the mounting support and the diode region 
opposite the mounting support. Thus, non-flip-chip mounting also may be provided. 

In yet other embodiments of the invention, a reflector also is provided between 
the mounting support and the diode region or the substrate. The reflector may be 
configured to reflect light that is emitted from the diode region back through the diode 

1 0 region, through the substrate and from the pedestals, upon application of voltage 
across the diode region. In other embodiments, a transparent electrode also may be 
provided between the diode region and the reflector. In still other embodiments, a 
solder preform and/or other bonding region may be provided between the reflector 
and the mounting support and/or an optical element such as a window or lens may be 

1 5 provided adjacent the first face opposite the diode region. In yet other embodiments, 
the diode region includes a peripheral portion and at least one central portion that is 
enclosed by the peripheral portion, and the light emitting diode further comprises at 
least one electrode on the diode region, that is confined to within the at least one 
central portion and does not extend onto the peripheral portion. It will be understood 

20 that the central portion need not be centered on the diode region. 

In other embodiments of the invention, a contact structure for the substrate 
and/or the diode region of an LED includes a transparent ohmic region, a reflector, a 
barrier region and a bonding region. The transparent ohmic region provides electrical 
contact and/or current spreading. The reflector reflects at least some incident 

25 radiation and also may provide current spreading. The barrier region protects the 
reflector and/or the ohmic region. The bonding region bonds the LED package to a 
mounting support. In some embodiments, the functionality of the transparent ohmic 
region and the reflector can be combined in a single ohmic and reflector region. 
Contact structures according to these embodiments of the invention also may be used 

30 with conventional silicon carbide LEDs, gallium nitride on silicon carbide LEDs 
and/or other LEDs. 

In still other embodiments of the present invention, the first face of the 
substrate may include therein at least one groove that defines a plurality of pedestals, 
such as triangular pedestals, in the substrate. The grooves may include tapered 
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sidewalls and/or a beveled floor. The first and second faces of the substrate may have 
square perimeters, and/or the first face of the substrate may be textured. The light 
emitting diode may further include a plurality of emission regions and/or electrodes 
on the diode region, a respective one of which is confined to within a respective one 
of the pedestals and does not extend beyond the respective one of the pedestals. 

In yet other embodiments of the present invention, the first face of the 
substrate includes therein an array of via holes. The via holes may include tapered 
sidewalls and/or a floor. The via holes preferably extend only part way through the 
substrate, but in other embodiments they can extend all the way through the substrate. 
The first and second substrate faces may have square perimeters, and/or the first face 
may be textured. The light emitting diodes may further include at least one electrode 
on the diode region that does not overlap the array of via holes. 

The pedestals and/or array of via holes also may be used with light emitting 
diodes that include silicon carbide or non-silicon carbide substrates, to allow 
improved light extraction therefrom. Moreover, electrodes as described above also 
may be used with light emitting diodes that include a non-silicon carbide substrate. 
For example, when the first face of the substrate has smaller surface area than the 
second face, and the diode region is on the second face, an emission region may be 
provided on the diode region that is confined to within the smaller surface area of the 
first face. 

In other embodiments of the present invention, light emitting diodes include a 
compensated, colorless silicon carbide substrate having first and second opposing 
faces and a gallium nitride-based diode region on the second face that is configured to 
emit light into the substrate upon application of voltage across the diode region. 
Mounting supports, reflectors, contact structures, grooves, pedestals, texturing and/or 
confined emission areas/electrodes may be provided according to any of the 
embodiments that were described above. 

Accordingly, many of the above-described embodiments comprise 
embodiments of means for extracting from the substrate at least some of the light that 
is emitted into the substrate by the diode region. Examples of these means for 
extracting include compensating dopants in the silicon carbide substrate to provide a 
colorless silicon carbide substrate, patterning the substrate to define, in cross-section, 
a plurality of pedestals that extend into the substrate from the first face toward the 
second face and/or many of the other embodiments that were described above, 
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including mounting supports, reflectors, contact structures, grooves, pedestals, 
texturing and/or confined emission areas/electrodes. 

Light emitting diodes may be manufactured, according to some embodiments 
of the invention, by forming a diode region that is configured to emit light in a 
predetermined wavelength range on a second face of a substrate having first and 
second opposing faces, and that is transparent to the optical radiation in the 
predetermined wavelength range. The substrate is patterned before, during and/or 
after forming the diode region to define, in cross-section, a plurality of pedestals that 
extend into the substrate from the first face towards the second face. In other 
embodiments, the diode region is mounted onto a mounting substrate that is 
configured to support the diode region such that the light that is emitted from the 
diode region into the substrate is emitted from the first face upon application of 
voltage across the diode region. The mounting may be preceded by forming a 
reflector on the diode region such that the reflector is configured to reflect light that is 
emitted from the diode region back into the diode region through the substrate and 
from the first face, upon application of voltage across the diode region. Prior to 
forming the reflector, a transparent ohmic electrode also may be formed on the diode 
region opposite the substrate. A barrier region and/or an adhesion region also may be 
formed after forming the reflector. In other embodiments, a mounting support is 
placed adjacent the reflector with the barrier region and/or the adhesion region 
therebetween, and the LED is joined to the mounting support. In still other 
embodiments, an electrode is formed on the diode region that is confined to within the 
central portion thereof and does not extend onto the peripheral portion thereof. 

Other method embodiments include forming a plurality of intersecting grooves 
into the first face of the substrate to define the plurality of pedestals, such as triangular 
pedestals, in the substrate. The grooves may include tapered sidewalls and/or a 
beveled floor. The first face of the substrate also may be textured. A plurality of 
electrodes also may be formed on the diode region. In some embodiments, a 
respective one of the electrodes is confined to within a respective one of the pedestals 
and does not extend beyond the respective one of the pedestals. 

Still other method embodiments according to the present invention include 
reactive ion etching an array of via holes in the first face of the substrate. The via 
holes may include tapered sidewalls and/or a floor. The first face also may be 
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textured. An electrode may be formed on the diode region that does not overlap the 
array of via holes. 

Sawing a plurality of intersecting grooves and/or reactive etching an array of 
via holes into the first face may be used for light emitting diodes that include a silicon 
carbide or non-silicon carbide substrate to allow improved light extraction therefrom. 
Moreover, the formation of an emission region on the diode region that is confined to 
within the smaller surface area of the first face also may be used for other 
conventional light emitting diodes, to allow improved light extraction therefrom. 

Brief Description of the Drawings 

Figures 1-5 are cross-sectional views of light emitting diodes according to 
embodiments of the present invention. 

Figure 6 graphically illustrates absorption of light versus wavelength for 
silicon carbide at various doping levels. 

Figure 7A is a top view and Figures 7B and 7C are cross-sectional views along 
the line 7B-7B' of Figure 7A, of light emitting diodes according to other embodiments 
of the present invention. 

Figure 8A is a top view and Figures 8B and 8C are cross-sectional views along 
the line 8B-8B' of Figure 8A, of light emitting diodes according to other embodiments 
of the present invention. 

Figures 9-13 are cross-sectional views of light emitting diodes according to 
yet other embodiments of the present invention. 

Figure 14A a cross-sectional view taken along the lines 14A-14A' of Figure 
14B, which is a bottom view of light emitting diodes according to still other 
embodiments of the present invention. 

Figure 15A a cross-sectional view taken along the lines 15A-15A' of Figure 
15B, which is a bottom view of light emitting diodes according to yet other 
embodiments of the present invention. 

Figures 16, 17A and 18 are cross-sectional views of light emitting diodes 
according to still other embodiments of the present invention. 

Figure 17B is a top view of Figure 17A according to embodiments of the 
present invention. 

Figure 19 is a flowchart illustrating manufacturing methods for light emitting 
diodes according to embodiments of the present invention. 
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Detailed Description of Preferred Embodiments 

The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
5 invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein. 
Rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art. 
In the drawings, the thickness of layers and regions are exaggerated for clarity. Like 

1 0 numbers refer to like elements throughout. It will be understood that when an 

element such as a layer, region or substrate is referred to as being "on" or extending 
"onto" another element, it can be directly on or extend directly onto the other element 
or intervening elements may also be present. In contrast, when an element is referred 
to as being "directly on" or extending "directly onto" another element, there are no 

1 5 intervening elements present. Moreover, each embodiment described and illustrated 
herein includes its complementary conductivity type embodiment as well. 

Embodiments of the invention now will be described, generally with reference 
to gallium nitride-based light emitting diodes on silicon carbide-based substrates. 
However, it will be understood by those having skill in the art that many 

20 embodiments of the invention may be employed with any combination of a substrate 
that is non-absorbing or transparent to the emitted light and an index matched light 
emitting diode epitaxial layer. In some embodiments, the refractive index of the 
substrate is greater than that of the diode. Accordingly, combinations can include an 
AlGalnP diode on a GaP substrate; an InGaAs diode on a GaAs substrate; an AlGaAs 

25 diode on a GaAs substrate; an SiC diode on an SiC Substrate, an SiC diode on a 

sapphire (A1 2 0 3 ) substrate; and/or a nitride-based diode on a gallium nitride, silicon 
carbide, aluminum nitride, zinc oxide and/or other substrate. 

Figure 1 is a cross-sectional view of light emitting diodes according to some 
embodiments of the present invention. As shown in Figure 1 , these light emitting 

30 diodes 100 include a silicon carbide substrate 110 having first and second opposing 
faces 110a and 110b and that is transparent to optical radiation in a predetermined 
wavelength range. A diode region 170 is on the second face 110b and is configured 
to emit light in the predetermined wavelength range into the silicon carbide substrate 
110 that is transparent to optical radiation in the predetermined wavelength range, 

9 
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upon application of voltage across the diode region, for example across ohmic 
contacts 150 and 160. 

Still referring to Figure 1, the diode region 170 includes an n-type layer 120, 
an active region 130, and a p-type layer 140. Ohmic contacts 150 and 160 are made 
to the p-type layer 140 and the n-type layer 120, respectively, to form an anode and a 
cathode, respectively. The diode region 170 including the n-type layer 120, the active 
region 130, and/or the p-type layer 140 preferably comprise gallium nitride-based 
semiconductor layers, including alloys thereof such as indium gallium nitride and/or 
aluminum indium gallium nitride. The fabrication of gallium nitride on silicon 
carbide is known to those having skill in the art, and is described for example in the 
above-incorporated U.S. Patent 6,177,688. It also will be understood that a buffer 
layer or layers, for example comprising aluminum nitride, may be provided between 
the n-type gallium nitride layer 120 and the silicon carbide substrate 110, for example 
as described in U.S. Patents 5,393,993, 5,523,589, 6,177,688, and Application Serial 
No. 09/154,363 entitled Vertical Geometry InGaN Light Emitting Diode, the 
disclosures of which are hereby incorporated herein by reference in their entirety as if 
set forth fully herein. 

The active region 130 may comprise a single layer of n-type, p-type or 
intrinsic gallium nitride-based materials, another homostructure, a single 
heterostructure, a double heterostructure and/or a quantum well structure, all of which 
are well known to those having skill in the art. Moreover, the active region 130 may 
comprise a light emitting layer bounded by one or more cladding layers. Preferably, 
the n-type gallium nitride layer 120 comprises silicon-doped gallium nitride, while the 
p-type gallium nitride layer 130 comprises magnesium-doped gallium nitride. In 
addition, the active region 130 preferably includes at least one indium gallium nitride 
quantum well. 

In some embodiments, the ohmic contact 150 for the p-type gallium nitride 
layer 140 comprises platinum, nickel and/or titanium/gold. In other embodiments, a 
reflective ohmic contact comprising, for example, aluminum and/or silver, may be 
used. The ohmic contact 160 to the n-type gallium nitride 120 preferably comprises 
aluminum and/or titanium. Other suitable materials that form ohmic contacts to p- 
type gallium nitride and n-type gallium nitride may be used for ohmic contacts 150 
and 160, respectively. Examples of ohmic contacts to n-type gallium nitride and p- 
type gallium nitride are shown, for example in U.S. Patent 5,767,581, the disclosure 
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of which is hereby incorporated herein by reference in its entirety as if set forth fully 
herein. 

Still referring to Figure 1, in some embodiments, the substrate 110 comprises a 
silicon carbide substrate that is transparent to optical radiation in the predetermined 
wavelength range. One technique for fabricating a silicon carbide substrate that is 
transparent to optical radiation in a predetermined wavelength range is described in 
U.S. Patent 5,718,760, which is assigned to the assignee of the present invention, the 
disclosure of which is hereby incorporated herein in its entirety as if set forth fully 
herein. Silicon carbide substrate 110 may comprise the 2H, 4H, 6H, 8H, 1 5R and/or 
3C polytypes. The 6H and/or 4H polytype may be preferred for optoelectronic 
applications. 

In other embodiments, the silicon carbide substrate 110 is a compensated, 
colorless silicon carbide substrate, as described in the above-cited U.S. Patent 
5,718,760. As described therein, colorless silicon carbide may be fabricated by 
sublimation of silicon carbide in the presence of compensating amounts of p-type and 
n-type dopants. Naturally-occurring silicon carbide typically is black, due to high 
impurity levels. Conventional microelectronic silicon carbide wafers have a 
translucent blue, amber or green hue depending upon the controlled doping level in 
the crystal. As described in U.S. Patent 5,718,760, it was found that by carefully 
controlling the doping of silicon carbide crystals with compensating levels of n-type 
and p-type dopants at low doping concentrations, colorless single crystals of silicon 
carbide may be obtained. In particular, it may be desirable to reduce and preferably 
minimize the unintentional nitrogen (n-type) doping in the material and to introduce 
low levels of compensating p-type dopants, to thereby create colorless silicon carbide. 

As seen in Figure 6, 4H-SiC is characterized by an absorption peak at around 
460 ran. Figure 6 shows that by reducing doping levels in 4H-SiC, that absorption 
peak can be substantially reduced, so that the 4H-SiC becomes transparent at around 
460 nm. The curve labeled 4H-HD shows measured absorption values for 4H silicon 
carbide doped with a net donor concentration of approximately 2.5 x 10 18 , while the 
curve labeled 4H-LD shows measured absorption values for 4H silicon carbide doped 
with a net donor concentration of approximately 5 x 10 17 . Further reduction in doping 
levels may result in even lower absorption levels. The curve labeled 6H also shows a 
transparent substrate at around 460 nm. 
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In accordance with some embodiments of the present invention, colorless 
boules of silicon carbide grown, for example, according to processes described in U.S. 
Patent 5,718,760 and references cited therein, may be cut into wafers for processing. 
Gallium nitride-based epitaxial layers may be formed on the wafers, for example, as 
described in U.S. Patent 6,177,688, which then can be processed to produce structures 
such as are shown in Figure 1. 

In LEDs having silicon carbide substrates, it previously may have been 
preferable to prevent light generated in the active region from entering the substrate, 
for a number of reasons. For example, although silicon carbide may be highly 
transparent compared to gallium arsenide, conventional silicon carbide substrates can 
absorb some light in portions of the visible spectrum. Moreover, since conventional 
silicon carbide devices are vertical devices that are mounted with the substrates facing 
down, some light entering the substrate can be reflected back through the substrate 
before it is extracted from the device, thereby increasing absorption losses in the 
substrate. Reflection losses also may reduce the overall efficiency of the device. 

Gallium nitride and silicon carbide have similar indices of refraction. In 
particular, gallium nitride has an index of refraction of about 2.5, while silicon carbide 
has an index of refraction of about 2.6-2.7. In that sense, gallium nitride and silicon 
carbide may be said to be optically matched. Thus, very little internal reflection may 
occur at a boundary between gallium nitride and silicon carbide. Consequently, it 
may be difficult to prevent light generated in a gallium nitride-based layer from 
passing into a silicon carbide substrate. 

By providing a compensated, colorless silicon carbide substrate that is grown, 
for example, in accordance with methods described in U.S. Patent 5,718,760, 
absorption of visible light in the silicon carbide substrate may be reduced. As is well 
known to one skilled in the art, absorption losses may increase as doping increases 
due to the so-called "Biedermann Effect". Consequently, extraction of visible light 
from the substrate may be enhanced when doping is reduced and preferably 
minimized, thereby improving the overall efficiency of the device. In contrast to 
silicon carbide, sapphire has an index of refraction of about 1.8. Thus, in a sapphire- 
based gallium nitride LED, a large portion of light generated in the gallium nitride 
active layer may not pass into the substrate but will be reflected away from the 
substrate. 
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In other embodiments of the present invention, the doping of the silicon 
carbide substrate may be controlled such that light in the wavelength range generated 
in the diode region 170 of the device is not absorbed by the substrate 110, although 
other wavelengths may be absorbed. Thus, the absorption characteristics of the 
silicon carbide substrate may be adjusted to pass desired wavelengths of light. For 
example, the active region 130 may be designed to emit blue light in the vicinity of 
450 nm. The doping of the silicon carbide substrate 110 may be controlled such that 
light rays having a wavelength of approximately 450 nm are not substantially 
absorbed by the substrate 110. Thus, although the substrate may not be entirely 
colorless, and other wavelengths may be absorbed, it nevertheless may be transparent 
to the wavelengths of interest, namely those generated in the LED region 170. In 
preferred embodiments, the bandgap and/or doping of the silicon carbide substrate 
110 is controlled such that the substrate is transparent to light within the range of 
about 390-550 nm. 

Thus, in some embodiments, the substrate 110 may be thought of as a filter 
which may improve the spectral purity of light output by the device. For example, it 
is known to those skilled in the art that gallium nitride-based blue LEDs may produce 
unwanted emission in the ultraviolet (UV) spectrum in addition to the desired 
emission. Such UV emissions may be undesirable at even moderately low power 
levels since they may degrade the plastic materials in which LEDs are packaged, 
which may result in reliability problems and/or reduced lifetimes. It is also known 
that 6H silicon carbide absorbs UV light. Thus, it may be preferable to extract light 
through a 6H silicon carbide substrate, which filters out unwanted UV emissions. 

Instead of discouraging or inhibiting light from entering the substrate, as may 
be done conventionally, embodiments of the present invention can encourage light 
generated in the diode region 170 to enter the substrate 110, where it can be most 
efficiently extracted. Thus, some embodiments of the invention can provide means 
for extracting from the substrate, at least some of the light that is emitted into the 
substrate by the diode region. Accordingly, some embodiments of the present 
invention may be particularly suited for use in a so-called "flip-chip" or "upside- 
down" packaging configuration as will now be described in connection with Figure 2. 
Embodiments of the invention also may be used with conventional "right-side-up" or 
"non-flip-chip" packaging, as will be described in connection with Figure 16. 
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Referring now to Figure 2, other embodiments of light emitting diodes 
according to embodiments of the present invention are shown. In Figure 2, a light 
emitting diode 200 is shown flip-chip, or upside-down mounted on a mounting 
support 210, such as a heat sink, using bonding regions 220 and 230. The bonding 
regions 220 and 230 may include solder preforms that are attached to the diode region 
and/or the mounting support 210, and that can be reflowed to attach the ohmic 
contacts 150 and 160 to the mounting support 210 using conventional solder 
reflowing techniques. Other bonding regions 220 and 230 may comprise gold, indium 
and/or braze. As also shown in Figure 2, the flip-chip or upside-down packing 
configuration places the silicon carbide substrate 110 up, away from the mounting 
substrate 210, and places the diode region 170 down, adjacent to the mounting 
substrate 210. A barrier region (not shown) also may be included between a 
respective ohmic contact 150, 160 and a respective melting region 220, 230. The 
barrier region may comprise nickel, nickel/vanadium and/or titanium/tungsten. Other 
barrier regions also may be used. 

Still referring to Figure 2, as shown by light ray 250, light generated in the 
active region 130 enters the substrate 110, and exits the device from the first face 
110a of the substrate 110. In order to encourage light generated in the active region 
130 to enter the substrate 110, a reflector 240 may be provided that is positioned 
between the active region 130 and the mounting support 210, opposite the substrate 
110. The reflector 240 may be positioned between the active region 130 and the p- 
type layer 140 as shown in Figure 2. However, there may be one or more intervening 
layers between the reflector 240 and the active region 130 and/or the p-type layer 140. 
Moreover, the p-type layer 140 may be positioned between the reflector 240 and the 
active region 130. Other configurations also may be provided, for example, as will be 
described in connection with Figure 16 below. 

The reflector 240 may comprise an aluminum gallium nitride (AlGaN) layer 
and/or a distributed Bragg reflector that can reflect light from the active region 130 
back towards the substrate 110. The design and fabrication of Bragg reflectors is well 
known to those having skill in the art and is described, for example, in U.S. Patent 
6,045,465, the disclosure of which is hereby incorporated herein by reference in its 
entirety as if set forth fully herein. It also will be understood that the reflector also 
can modify the pattern of photon emission from the active region 130 itself, thereby 
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directing more photons to escape the device. Other conventional reflector structures 
also may be used. 

Still referring to Figure 2, the exemplary ray 250 is shown to illustrate how the 
light that is generated within the active region 130 may initially travel in a direction 
away from the substrate 110, but will be reflected by the reflector 240 back through 
the substrate 110 and out of the device 200. It will be noted that in the flip-chip 
configuration that is illustrated in Figure 2, the ray 250 only needs to travel through 
the substrate 110 one time before exiting the device. 

LEDs 200 according to embodiments of the invention may be packaged in 
conventional dome structures 280 that include an optical element such as a lens 282 
for light emission. The entire dome 280 may function as an optical element. An 
anode lead 260 and a cathode lead 270 also may be provided for external connections. 
The dome structure 280 may comprise plastic, glass and/or other materials and also 
may include silicone gel and/or other materials therein. 

Referring now to Figure 3, vertical light emitting diodes 300 also may be 
packaged in a flip-chip configuration by providing a cathode ohmic contact 160' on 
the first face 110a of the silicon carbide substrate 110, and providing a wire 390 or 
other electrical connection between the cathode ohmic contact 160' on the first face 
110a to the external cathode lead 270. Non-flip-chip configurations also may be 
provided, for example, as will be described in connection with Figure 16 below. 

Figure 4 illustrates other LEDs according to embodiments of the invention. In 
these LEDs 400, an anode contact may include an ohmic and reflective region 410, 
which may include a plurality of layers, including a thin transparent ohmic contact 
412 and a reflector 414. The thin transparent ohmic contact 412 may comprise 
platinum, and preferably should be as thin as possible to avoid substantial absorption 
of light. The thickness of the thin transparent ohmic contact 412 preferably is 
between about 10A and about 100A for a platinum transparent electrode 412. In other 
embodiments, the thin transparent ohmic contact 412 may comprise nickel/gold, 
nickel oxide/gold, nickel oxide/platinum, titanium and/or titanium/gold, having 
thickness between about 10 A and about 100A. The reflector 414 preferably is 
thicker than about 3 00 A and preferably comprises aluminum and/or silver. 
Embodiments of Figure 4 can provide improved current spreading, since the reflector 
414 contacts the thin transparent ohmic contact 412 over the entire surface area of the 
thin transparent ohmic contact 412. Thus, current need not travel horizontally through 
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the anode contact 410, as may be the case in conventional devices. Current spreading 
thus may be enhanced. Devices 400 of Figure 4 also may be packaged as was shown 
in Figures 2 and 3. Other contact structures may be used, for example, as will be 
described in detail below in connection with Figures 16 and 17. For example, a 
barrier region 155 comprising, for example, nickel, nickel/vanadium and/or 
titanium/tungsten may be provided between the reflector 414 and the bonding region 
220 and between the ohmic contact 160 and the bonding region 230. 

LEDs according to other embodiments of the present invention are illustrated 
in Figure 5. These embodiments of LEDs 500 can enhance light extraction from the 
LED by beveling or slanting at least some of the sidewall 110c of the substrate 110'. 
Since the incident angle of light striking the beveled sidewall 110c is generally closer 
to the normal than it otherwise might be, less light may be reflected back into the 
substrate 110'. Accordingly, light may be extracted from the substrate 110' which can 
improve the overall efficiency of the device. Extraction efficiency may be further 
improved by roughening or texturing the sidewalls 110c and/or the first face 110a, of 
the substrate 110', for example using conventional methods. 

Accordingly, light emitting diodes according to some embodiments of the 
invention include a substrate and a gallium nitride-based diode region. The substrate 
comprises single crystal, transparent silicon carbide for an emission range of interest, 
preferably fabricated via sublimation. The substrate may be between about 100 um 
and about 1000 um thick. External efficiency of the diode can be enhanced due to 
increased light extraction from the substrate. In some embodiments of the invention, 
the diode includes a reflector that reflects light generated in the diode region back into 
the substrate for subsequent extraction from the device. The reflector may comprise a 
layer of material with a relatively low index of refraction (such as AlGaN) on the 
active region opposite the substrate. Alternatively, the reflector may comprise a 
Bragg reflector within the structure and/or a coating layer of aluminum and/or silver 
on a transparent ohmic contact. Other embodiments will be described below. In yet 
other embodiments, a portion of the sidewalls of the substrate may be tapered and/or 
roughened to allow improved light extraction. Diodes according to embodiments of 
the present invention may be particularly suited for use in a flip-chip mounting 
structure. However, non-flip-chip mounting also may be used. 

Embodiments of the invention that were described in Figures 1-6 above 
provide modifications of the silicon carbide substrate, to embody means for extracting 
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at least some of the light in a predetermined wavelength range, and thereby allow flip- 
chip or non-flip-chip mounting of gallium nitride on silicon carbide LEDs. Other 
embodiments of the invention now will be described where various geometric 
modifications are made to the substrate, to provide other embodiments of means for 
extracting at least some of the light from the substrate, to allow increased extraction 
efficiency. These substrate modifications may be especially useful when large area 
chips are being fabricated, to provide other embodiments of means for extracting, 
from the substrate, at least some of the light, and allow enhanced extraction efficiency 
from interior regions of the substrate. These enhancements may be used with silicon 
carbide substrates, as was described in connection with Figures 1-6 above, but also 
may be used with conventional substrates comprising gallium arsenide, gallium 
phosphide, alloys thereof and/or sapphire. 

Figure 7 A is a top view of LEDs according to other embodiments of the 
present invention. Figures 7B and 7C are cross-sectional views of LEDs of Figure 7A 
taken along line 7B-7B' of 7A, according to other embodiments of the present 
invention. 

Referring now to Figures 7A-7C, these LEDs include a substrate 710 having 
first and second opposing faces 710a and 710b, respectively, and a diode region 740 
on the second face 710b of the substrate 710. The substrate 710 may be a silicon 
carbide substrate 110, such as was described in Figures 1-6, and/or another 
conventional LED substrate. The diode region 740 may include a diode region 170 of 
Figures 1-5 above, and/or any other conventional diode region. 

As also shown in Figure 7A, the first face 710a of these LEDs 700 include 
therein a plurality of grooves 720 that define a plurality of pedestals 730 in the 
substrate. In Figure 7A, triangular pedestals are shown. However, pedestals of other 
polygonal or non-polygonal shapes may be provided. As shown in Figure 7B, the 
grooves 720 may include a beveled floor 722. However, a flat floor also may be 
included. Moreover, although the sidewalls 724 of the grooves are shown as being 
orthogonal to the first and second faces 710a and 710b, tapered sidewalls also may be 
included, wherein the cross-sectional area of the sidewall preferably decreases from 
the first face 710a to the second face 710b of the substrate 710. 

Figure 7C illustrates other embodiments where nonplanar features are 
provided. Thus, a wide saw cut or other technique can be used to form pedestals 730' 
that have tapered and curved sidewalls 724, curved floors 722' and/or domed first 
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faces 710a' in the pedestals 710'. These embodiments of pedestals 730' can thereby 
form a lens-like structure that can reduce total internal reflection. Alternatively, 
rather than a curved or lens-shaped first face 710a' and/or floor 722', facets may be 
formed on the first face 710a' and/or the floor 722', to further enhance light 
extraction. Etching, saw cutting, laser cutting and/or other conventional techniques 
may be used to produce these structures. 

Finally, as also shown in Figures 7A-7C, the perimeters of the first and second 
faces 710a, 710a' and 710b are square. However, it will be understood that other 
shapes may be used. For example, triangular perimeter-shaped first and second faces 
may be used. Moreover, although four triangular pedestals 730 are shown, two or 
more pedestals may be used, and preferably more than four pedestals are used in 
relatively large chips having an area, for example, of greater than 0.1 mm 2 . 

Figure 8A is a top view of LEDs according to yet other embodiments of the 
present invention. Figures 8B and 8C are cross-sectional views of LEDs of Figure 8 A 
taken along line 8B-8B' of 8 A, according to yet other embodiments of the present 
invention. 

As shown in Figure 8A, these light emitting diodes 800 include a substrate 810 
having first and second opposing faces 810a and 810b, and a diode region 840 on the 
second face 810b. The substrate 810 may be a silicon carbide substrate, such as the 
silicon carbide substrate 110 that was described in connection with Figures 1-6, 
and/or any other conventional LED substrate. The diode region 840 can be a gallium 
nitride-based diode region 170, such as was described in Figures 1-5, and/or any other 
conventional diode region. 

As shown in Figures 8A and 8B, the substrate 810 includes an array of via 
holes 820 in the first face 810a. The via holes 820 preferably extend only part way 
through the substrate 810, but in other embodiments, they can extend all the way 
through the substrate 810. As also shown, the via holes can include tapered sidewalls 
824. The sidewalls 824 can be curved or straight. Moreover, curved or straight 
sidewalls that are orthogonal to the first and second faces 810a and 810b also may be 
used. The via holes 820 may have a flat, beveled and/or curved floor 822, to provide 
frusto-conical or cylindrical via holes. The via holes also may not include a floor 822, 
but rather may come to a point, to provide conical via holes. Although an array of 
four complete via holes and twelve partial via holes are shown in Figures 8 A and 8B, 
two or more via holes 820 may be used, and more than four full via holes 820 
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preferably are included for large area chips, for example chips having an area greater 
than 0.1 mm 2 . 

As shown in Figure 8B, the first face can be a beveled first face 810a that 
includes one or more facets therein. In other embodiments, the tops 810a may be 
5 rounded to provide a lens-like structure. 

As will be described in detail below, the grooves 720 of Figures 7A-7C may 
be fabricated using a dicing saw, for example at a 45° angle to the chip sides, prior to 
or after dicing the chip. Other techniques including reactive ion etching through a 
mask, laser cutting, wet etching and/or other techniques may be used. The via holes 

1 0 820 of Figures 8 A-8C may be fabricated using reactive ion etching through a mask, 
prior to or after dicing the chip. 

Light extraction through LEDs of Figures 7A-7C and 8A-8C now will be 
described. The grooves 720 or via holes 820 can allow light extraction to occur 
periodically across the chip, rather than just along the edges of the chip. They can, 

15 therefore, provide scalability for large area chips. This contrasts sharply from dicing 
grooves that are placed in a substrate to permit dicing the substrate in the grooves and 
also contrasts sharply from grooves that are cut through the diode region of an LED. 

The pedestals, via holes, sidewalls and/or grooves can improve light extraction 
because the vertical edges of the chip generally play a role in light extraction. 

20 Furthermore, for purposes of light extraction, the best shape for an LED chip may not 
be a square or rectangular perimeter. However, LED chips generally have square 
perimeters for reasons of packing density within a wafer. In a square chip, a ray 
striking a sidewall from any direction at an angle greater than the critical angle, and 
less than the complement of this angle, generally will be lost to internal reflections 

25 and subsequent absorption. Cylindrical chips may reduce internal reflections, but 

their manufacturability and packing density may be poor. Moreover, light generated 
at points further from the center of a cylindrical die may increasingly produce rays 
that strike the vertical sidewalls tangentially. More rays are once again lost to internal 
reflections and absorption. The overall die area then may need to be large compared 

30 to the active central area, which may be an inefficient use of wafer area, and may lead 
to higher cost. 

In sharp contrast, some embodiments of the present invention can form 
pedestals, such as equilateral or non-equilateral triangular pedestals 730, in the 
substrate. Excellent wafer utilization may be maintained. In particular, a generated 
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ray may have no more than one incidence and reflection at a sidewall 724, at an angle 
greater than the critical angle. Angles of incidence greater than the critical angle are 
reflected, but they may strike the next wall at less than the critical angle in all cases, 
assuming that the index of refraction for the encapsulating material is about 1.5 or 
greater. Thus, unlike die with sides at right angles or smooth continuous arcs, no ray 
may be lost in its entirety to internal reflection and absorption. 

LEDs having a triangular shape versus a square LED with the same chip area, 
running at identical currents and having smooth vertical sidewalls can, for example, 
yield a 15% improvement in light output. In addition, tapered sidewalls or channels 
can be used with the triangular pedestals, to access even more of the trapped light in 
the substrate. Finally, triangular pedestals that may be formed using grooves cut at 
45° angles or other angles relative to the square die can allow for standard die 
handling and separation techniques, but can provide for the extra light extraction 
advantage of a non-square-shaped chip. Standard edge shaping and die separation 
may be used. Similar effects may be provided using an array of via holes 820. 

It will be understood that the LEDs of Figures 7A-7C and 8A-8C may be 
mounted upside down or in flip-chip configuration, as was illustrated in Figures 2-5. 
Silver epoxy that may be used to couple the LED to a mounting substrate may be 
prevented from entering the grooves or via holes, which could reduce the efficiency 
thereof. In other embodiments, if the grooves and/or via holes are used with 
conventional, non-flip-chip LED mounting, a reflective back layer, such as silver or 
aluminum, can be formed on the first face of the substrate, so that light incident on the 
grooves or via holes will be reflected back towards and through the diode region. 

Additional discussion of the use of solder preforms in the bonding regions 
220/230 now will be provided. Small area LEDs may require exceptional care to 
prevent the silver epoxy that is used in attaching the die to the lead frame from 
contacting the sidewall of the chip and/or the conducting substrate. Such a contact 
may form a Schottky diode, which may be detrimental to the performance of vertical 
LED structures. The Schottky diode can shunt current around the LED because it has 
a lower forward turn-on voltage. The use of silver epoxy on a large chip may be more 
manageable than on a small chip, since over-dispensing may not cause the epoxy to 
come out from under the chip and possibly reach the vertical sidewall of the diode 
region and/or substrate. According to embodiments of the invention, a solder preform 
may be formed on or attached to the reflector or other layer, as will be described 
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below. The preform may comprise a low temperature eutectic alloy, such as lead-tin, 
indium-gold, gold-tin and/or silver-tin solder. The preform shape can be well defined 
and the outward creep can be controlled by the pressure and/or temperature employed 
in the die attach process. Moreover, the thermal conductivity of a preform may be 
5 superior to silver epoxy, which can be advantageous for high-power devices. 

Referring now to Figures 9 and 10, texturing of the substrate also may be 
provided. The texturing may be on the order of an emission wavelength or larger. 
For example, as shown in Figure 9, LEDs 900 may include a textured first face 710a' 
of the substrate 710. Textured sidewalls 724» and/or textured floors 722' may be 

10 provided in addition to or instead of the textured first face 710a' . As shown in Figure 
10, LEDs 1000 may include a textured first face 810a* that can include an array of 
microlenses 1010 thereon. Textured sidewalls and/or floors also may be provided. 
Any conventional technique for texturing may be used. Texturing, as described for 
example in connection with Figures 9-10, also may be used with other embodiments 

1 5 that are described herein. 

It may be preferable for the exposed surface of the packaged LED chip to be 
textured and not polished. Conventional chips are packaged with a polished epitaxial 
side up, which can reduce light extraction therefrom. Texturing the exposed surface 
can provide a random probability that incident light can be transmitted instead of 

20 being internally reflected. It also will be understood that texturing the substrate 

backside need not preclude the formation of an ohmic contact to this substrate face. 
More particularly, vertical LEDs may have one contact to the active diode region and 
a backside contact to the backside of the substrate that is textured. Texturing of the 
sidewalls can provide up to 20% or more light emission compared to a polished 

25 surface. 

Figures 1 1 and 12 illustrate other LEDs according to embodiments of the 
present invention. LEDs 1100 of Figure 1 1 and LEDs 1200 of Figure 12 may 
correspond to the LEDs 700 of Figure 7 and LEDs 800 of Figure 8. However, in the 
embodiments of Figures 1 1 and 12, a transparent ohmic contact 412 and a reflector 
30 414 are added. The thin transparent ohmic contact 412 can improve the current 
spreading of the p-type gallium nitride layer and can make ohmic contact to the 
anode, while preferably blocking a reduced, and more preferably a minimal, amount 
of light. 
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Moreover, in the configurations shown in Figures 1 1 and 12, since the chip is 
flip-chip mounted on the mounting substrate 210, the transparent ohmic contact 412 
can be thinned more than may be possible in a conventional nitride LED, thus 
allowing it to be more transparent. A relatively thick reflector 414, comprising, for 
5 example, aluminum and/or silver, also can be provided. The reflector 414 can provide 
excellent current spreading. Moreover, a solder preform 220, and/or other mounting 
region may be used between the metal contact 155 and the mounting substrate 210, to 
provide electrical and mechanical connection and heat transfer from the diode region, 
while preventing a short circuit in the diode region, which could create a parasitic 

1 0 Schottky contact. It will be understood that by flip-chip mounting the diode, power 
dissipation need not occur through the substrate. Rather, the heat generating diode 
region can be in intimate contact with the heat sink, with a lower thermal resistance. 
In other embodiments, described, for example, in connection with Figure 16, non-flip- 
chip mounting may be used. It also will be understood that a transparent/reflector 

1 5 electrode, solder preform and/or flip-chip mounting may be used with other 
embodiments of the invention described herein. 

Figure 13 illustrates other embodiments of the invention that can be used to 
improve extraction efficiency in a conventional ATON LED. As is well known to 
those having skill in the art, an ATON LED uses substrate shaping as described, for 

20 example, in the publication entitled OSRAM Enhances Brightness of Blue InGaN 
LEDs, Compound Semiconductor, Volume 7, No. 1, February 2001, p. 7. In 
particular, as shown in Figure 13, a conventional ATON LED 1300 includes a 
substrate 1310 and a diode region 1320. According to embodiments of the invention, 
an emission region, defined, for example, by a mesa 1320a and/or an electrode 1330, 

25 is included only in a central portion of the diode region, and is excluded from 

peripheral portions of the diode region. The electrode 1330, preferably a transparent 
electrode, can be coextensive with, or smaller than, the emission region 1320a. Other 
techniques for reducing the area of the emission region also may be used. 

Stated differently, the substrate 1310 has first and second opposing faces 

30 1310a and 1310b, respectively. The first face 1310a has smaller surface area than the 
second face. A diode region 1320 is on the second face 1310b. An emission region 
1320a is included in the diode region 1320 and is confined to within the smaller 
surface area of the first face 1310a. This configuration can make the chip look more 
like a point source at a focal point of a lens. Conventionally, light generated at the 
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edges of the chip does not obtain much of a benefit of the shaped edges, since a 
smaller solid surface of emitted light interacts with those surfaces, compared to light 
generated in the center of the chip. Simulations show that about 20% more light 
output can be obtained by bringing the emission region in from the chip edges. This 
5 increased extraction efficiency of a reduced emission area also can make the light 
output less sensitive to losses in the substrate and at the substrate surface, since more 
light can escape on the first pass out of the active region. Embodiments of Figure 13 
may be used for conventional non-flip-chip packaging. Embodiments of ATON 
LEDs that may be used for flip-chip packaging will be described in connection with 

10 Figure 17 below. 

Figure 14A illustrates application of a reduced emission area to other 
embodiments of the invention. For example, LEDs 1400 are similar to LEDs 700 of 
Figure 7, except that at least one reduced emission area is provided according to 
embodiments of the invention. At least one reduced emission area may be provided 

1 5 by one or more conductive electrodes 1410 that are aligned with the pedestals 730. 
The conductive electrodes 1410 may comprise platinum and/or other materials. An 
insulating layer 1420, for example comprising silicon nitride, may be used to prevent 
metal contact to the diode region 740. An interconnect metal layer 1430 may be 
blanket formed on the conductive electrodes 1410 and on the silicon nitride layer 

20 1420. It will be understood that the interconnect layer 1430 also may act as a 
reflective layer. Alternatively, one or more separate reflective layers may be 
provided. Figure 14B is a bottom view of the LEDs of Figure 14 A, illustrating the 
conductive electrodes 1410 and the metal layer 1430. It also will be understood that 
in other embodiments of the invention, at least one mesa 1320a of Figure 13 may be 

25 included in the diode region 740 of Figure 14 A, to provide at least one reduced 
emission area. Moreover, reduced emission areas may be used with other 
embodiments of the invention that are described herein. 

Thus, efficiency of LEDs can be improved by reducing the emission area to be 
confined more in the central portions of the back-shaped regions. For a back-shaped 

30 device with a uniform emission area, much of the emission occurs over the shaped 
regions of the chip which may be less efficient. In contrast, in Figures 14A and 14B, 
since the emission region or regions are aligned to the pedestals 730, improved 
extraction efficiency may be provided. Since the conductive electrodes 1410 are 
disconnected from each other, they may need to be connected with an interconnecting 
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conductive metal 1430. If the device is flip-chip bonded, the conductive metal 1430 
can be the solder- and/or silver-loaded epoxy. If the device is mounted in non-flip- 
chip configuration, a metal sheet such as a reflector, metal strips and/or wire bonds 
may be included for interconnection. 

Figure 15A illustrates application of at least one reduced emission area to yet 
other embodiments of the invention. For example, LEDs 1500 are similar to LEDs 
800 of Figure 8, except that at least one reduced emission area is provided according 
to embodiments of the present invention. At least one reduced emission area may be 
provided by a conductive electrode 1510 that does not overlap the via holes 820. The 
conductive electrode 1510 may comprise platinum and/or other materials. An 
insulating layer 1520, for example comprising silicon nitride, may be used to prevent 
metal contact over the areas defined by the via holes 820. Figure 1 5B is a bottom 
view of the LEDs of Figure 15 A, illustrating the conductive electrode 1510 and the 
insulating regions 1520. As was the case with Figure 14A, in other embodiments, at 
least one mesa 1320a of Figure 13 may be included in the diode region 840 of Figure 
15 A, to provide at least one reduced emission area. 

It will be understood that embodiments according to the present invention can 
be used to improve sapphire-based nitride LEDs as well as LEDs based on other 
material systems, as was described above. However, in sapphire-based nitride LEDs, 
most of the light may remained trapped in the higher index nitride diode region. The 
gains may be greater for silicon carbide, gallium nitride, aluminum nitride, zinc oxide 
and/or other substrates where the index of refraction of the substrate is higher than 
that of sapphire. Thus, embodiments of the invention may not be limited to the use of 
silicon carbide as a substrate. It will be understood that when sapphire is used as a 
substrate, the insulating layer of sapphire may use two contacts to the diode region, 
such as was illustrated in Figure 1 . These contacts may need to be aligned to their 
electrical connections in the package. The transparency of a sapphire substrate can 
facilitate the alignment if the exposed side is polished. However, a polished exposed 
surface may be less efficient for extracting light than a textured one. 

Figure 16 is a cross-sectional view of light emitting diodes according to other 
embodiments of the present invention is shown. Figure 16 may be regarded as similar 
to Figure 3, except the light emitting diode 1600 is configured for non-flip-chip 
mounting, rather than flip-chip mounting. Moreover, other contact structures between 
the LED and a mounting support, such as a mounting or sub-mounting assembly, also 
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are shown. It will be understood that the non-flip-chip mounting of Figure 16 and/or 
the contact structures of Figure 16 may be used with other embodiments of the 
invention that are described herein, and/or with other conventional LEDs. 

More specifically, referring to Figure 16, the light emitting diode 1600 is 
5 mounted on a mounting support 210 in a non-flip-chip orientation, wherein the silicon 
carbide substrate 110 is adjacent the mounting support 210, and the diode region 170 
is on the silicon carbide substrate 110 opposite or remote from the mounting support 
210. Stated differently, the diode region 170 is up, and the silicon carbide substrate 
110 is down. It has been found, according to embodiments of the invention that are 

1 0 illustrated in Figure 1 6, that the amount of light that may be extracted from a 

conventional non-flip-chip mounted LED can be increased when a transparent silicon 
carbide substrate 110 is used. In these embodiments, light from the active region 130 
of the diode region 170 that is generated downward into the silicon carbide substrate 
110, is reflected back through the silicon carbide substrate 110 via a reflector 140. 

1 5 Although the extraction efficiency may be less than LEDs 300 of Figure 3, extraction 
efficiencies greater than those of conventional LEDs that do not employ transparent 
silicon carbide substrates 110, may be obtained. It will be understood that a right- 
side-up mounting of Figure 16, with the transparent silicon carbide substrate adjacent 
a mounting region and the diode region remote from the mounting region, also may 

20 be used with other conventional LED configurations. 

Still referring to Figure 16, contact structures 1620 according to embodiments 
of the invention now will be described. It will be understood that these contact 
structures 1620 may be used with other embodiments that are described herein, and 
also may be used with other conventional LED structures. 

25 As shown in Figure 16, the contact structure 1620 includes an ohmic region 

160, a reflector 140, a barrier region 1610, and a bonding region 230. A top ohmic 
contact 150 also is provided. The ohmic contacts 150/160 preferably are a transparent 
layer or layers of metal, such as a thin layer of platinum, which may be between about 
10 A and about 100 A thick. Other transparent ohmic contacts 150/160 may be used. 

30 For example, transparent oxides, such as indium tin oxide (ITO) may be used, in 

which case the thickness of the ohmic contact 150/160 may be up to several microns 
or more thick. The ohmic contact 150/160 can be a uniformly thick layer, a grid 
structure and/or a dot structure, for example as described in U.S. Patent 5,917,202 to 
Haitz et al., the disclosure of which is hereby incorporated herein by reference in its 
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entirety as if set forth fully herein. The ohmic contacts 150/160 preferably provide 
current spreading, to facilitate efficient and uniform current injection into the active 
region 170. When a grid or dot structure is used for the ohmic contacts 150/160, 
current spreading may be achieved if the silicon carbide substrate 110 has properly 
5 matched conductivity. Grid/dot ohmic regions can reduce or minimize the light 
absorption in the ohmic region due to reduced area coverage. It also will be 
understood that the configurations of the ohmic contacts 150 and 160 need not be 
identical. 

Still referring to Figure 16, the reflector 140 can comprise, for example, 
1 0 between about 1 00 A and about 5 000 A of reflecting metal, such as silver and/or 

aluminum, and/or a mirror stack as was already described. It also will be understood 
that the functionality of the ohmic region 160 and the reflector 140 can be combined 
in a single ohmic and reflector region, such as a single layer of silver or aluminum, 
which can concurrently provide a current spreading and a reflecting function. 
1 5 Alternatively, different layers may be used for the ohmic region 160 and the reflector 
140. 

Still referring to Figure 16, a barrier region 1610 also may be provided that 
protects the reflector 140 and/or the ohmic region 160 from diffusion and/or spiking 
from an underlying die attach. Thus, the barrier region 1610 can preserve the optical 

20 and/or electrical integrity of the ohmic region 160 and/or the reflector 140. In some 
embodiments, the barrier region includes between about 100 A and about 5000 A of 
nickel, nickel/vanadium and/or titanium/tungsten. 

Finally, still referring to Figure 16, a bonding region 230 is provided that 
adheres the semiconductor LED structure to a mounting support 210, such as a 

25 mounting or sub-mounting assembly. The bonding region 230 can be a metal layer 
comprising, for example, gold, indium, solder, and/or braze, and may include a 
preform of one or more of these and/or other structures. In some embodiments, the 
bonding region 230 can include solder bumps and/or other metal bumps, such as 
indium or gold. The mounting support 210 may include a heat sink, a Surface Mount 

30 Technology (SMT) package, a printed circuit board, a driver integrated circuit, a lead 
frame and/or other conventional mounting and/or sub-mounting assemblies that are 
used for LEDs. The bonding region 230 can be adhered to the mounting support 210, 
using silver epoxy, solder bonding, thermo-solder bonding and/or other techniques. It 
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also will be understood that embodiments of contact structures 1620 of Figure 16 may 
be used with flip-chip-mounted LEDs and/or other conventional LED structures. 

Figure 17A is a cross-sectional view of light emitting diodes according to still 
other embodiments of the present invention. More specifically, Figure 17A illustrates 
5 a conventional ATON LED that is flip-chip-mounted and/or employs a contact 
structure according to embodiments of the present invention. Flip-chip-mounting 
such as was shown, for example, in Figure 2, and/or contact structures, such as were 
illustrated in Figure 16, may be used. 

Referring now to Figure 17A, these embodiments of LEDs 1700 include a 

10 transparent substrate 1310 such as a colorless, compensated silicon carbide substrate, 
and a diode region 1320 that is flip-chip-mounted on a mounting support 210, such 
that the diode region 1320 is adjacent the mounting support 210, and the silicon 
carbide substrate 1310 is remote from the mounting support 210. The diode region 
1320 may include a reduced emission area such as a mesa area 1320a of Figure 13. 

1 5 Flip-chip mounting, as shown in Figure 1 7A, can provide improved light 

extraction compared to conventional non-flip-chip mounted LEDs. For example, in 
conventional chips that use gallium nitride regions on silicon carbide substrates, about 
half of the light that is generated internally in the LED active region may actually be 
emitted. The remainder may be trapped in the semiconductor material, due to total 

20 internal reflection and/or absorption losses. A configuration wherein the first face of 
the silicon carbide substrate, remote from the diode region, has smaller surface area 
than the second face of the silicon carbide substrate, adjacent the diode region, can 
enhance light extraction. However, a significant portion of the emitted light is 
incident and/or passes through chip faces that are completely and/or partially covered 

25 with absorbing metal, to facilitate the ohmic contact to the LED p- and n-regions. 

Moreover, a conventional LED directs light primarily downward, which may cause an 
additional reflection from optical elements in the LED package, and/or loss due to the 
die attach material. These phenomena may cause additional optical losses. 

In sharp contrast, embodiments of the invention as illustrated in Figure 17A 

30 can employ an ATON geometry and/or other geometries that include a reduced area 
first face 1310a compared to the second face 1310b, that is flip-chip mounted to a 
mounting support 210, such that the diode region 1320 is adjacent the mounting 
support 210, and the substrate 1310 is remote from the mounting support 210. 
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Moreover, as also shown in Figure 17 A, additional efficiency may be obtained 
by using p-contact structures 1740 that include a p-ohmic region 1742, a reflector 
1744, a barrier region 1746 and/or a bonding region 1748. In some embodiments, the 
p-ohmic region 1742 may comprise a p-ohmic metal, such as nickel/gold, nickel 
5 oxide/gold, nickel oxide/platinum, titanium and/or titanium/gold, between about 10 A 
and about 100 A thick. In some embodiments, the p-ohmic region 1742 can comprise 
a continuous or non-continuous p-ohmic metal, with an area coverage of between 
about 10% and about 100%, and a thickness of between about 2 A and about 100 A. 
For non-continuous p-ohmic metals, the conductivity of the underlying diode's layers 

1 0 may be matched to the area coverage, to enhance the uniformity of current injection 
into the diode-active region. 

Still referring to Figure 17A, a thick reflector 1744 such as silver and/or 
aluminum is on the ohmic region 1742, opposite the diode region 1320. In other 
embodiments, the ohmic region 1742 can be thick enough to facilitate a low contact 

15 resistance, but thin enough to reduce optical absorption. The ohmic region 150 may 
be equal to or less than half the ohmic metal thickness of a conventional ATON chip, 
to accommodate the double pass of the light through the contact. Moreover, the 
current spreading function can be assumed by a combined ohmic and reflector region, 
which can be designed to be thick enough to facilitate efficient optical reflection of 

20 the light generated in the diode region 1320, and simultaneously provide the current 
spreading. Thus, light 1726 that is generated in the diode region 1320 can reflect off 
the reflector 1742 back into the substrate 1310. Other light 1722 generated in the 
diode region can be injected directly into the substrate 1310. Yet other light 1724 can 
emerge from the oblique sidewalls of the substrate. 

25 Still referring to Figure 1 7A, the flip-chip mounted LED can be die attached 

using a bonding region 1748 that can include gold, indium, conventional epoxy 
materials, braze and/or solder with the use of appropriate solder and/or solder barrier 
regions 1746, such as nickel, nickel/vanadium and/or titanium tungsten. An optional 
adhesion layer, comprising, for example, titanium, also may be provided between 

30 barrier layer 1746 and bonding region 1748. It also will be understood that, by 

providing reflective metal on the semiconductor surface, a very smooth mirror surface 
may be achieved which has relatively high reflectivity compared to the relatively 
rough surface of the header. 
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Still referring to Figure 17A, an n-contact structure 1730 may be used that 
includes an ohmic/reflector region 1732, an adhesion region 1734, a barrier region 
1736 and a bonding region 1738. The ohmic/reflector region 1732 may comprise an 
n-ohmic material, such as aluminum and/or silver about 1000 A thick. This 
5 ohmic/reflector region 1732 may act as an ohmic contact and as a reflector layer. An 
optional reflector region also may be provided that is similar to the reflector region 
1724. An optional adhesion region 1734 comprising, for example, about 1000 A of 
titanium, may be provided. A barrier region 1736 also may be provided. For 
example, about 1000 A of platinum may be used. Finally, a bonding region 1738 may 

10 be used. For example, up to 1 um or more of gold may be used, and a conventional 
wire bond 1750 may be attached to the bonding region 1738. It also will be 
understood that one or more of the regions 1732, 1734, 1736 or 1738 may be 
eliminated or combined with other regions, depending upon the particular application. 
Flip-chip mounted ATON chips according to embodiments of Figure 17A can 

1 5 produce about 1 .5 to about 1 .7 times or more enhanced radiometric flux compared to 
a conventional non-flip-chip ATON geometry. Absorption in the p-electrode and/or 
die attach material can be reduced. An n-contact structure 1730 may be used that can 
reduce or minimize the surface coverage. Thus, in some embodiments, an electrode 
structure 1730 can occupy the entire first face 1310a of the silicon carbide substrate 

20 1310. However, other geometrical configurations may be used to reduce or minimize 
the surface coverage. 

For example, as shown in Figure 17B, the n-contact structure 1730 may 
include only a central portion 1730a on the first face 1310a. However, for larger chip 
sizes, fingers 1730b of the n-contact structure 1730 also may be employed to provide 

25 additional current spreading. Thus, the n-contact structure 1730 may occupy the full 
area of the first face 1310. In other embodiments, less than the full area may be 
occupied, but more than 10% of the area may be occupied. In still other 
embodiments, less than 10% of the area may be used. It also will be understood that 
many other geometric configurations of central portions 1730a and fingers 1730b 

30 may be provided. 

To allow enhanced scalability, the n-contact structure 1730 can be an 
interconnected grid structure that is matched in surface coverage and current 
spreading resistant to the conductivity of the underlying semiconductor material 1310. 
By reducing and preferably minimizing the surface coverage of the n-contact 
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structures 1730 and employing silver and/or aluminum reflectors 1732, the absorption 
of the completed n-contact structures 1730 can be reduced and preferably minimized. 

It will be understood that, in other embodiments, both the n- and p-electrodes 
may be formed on the side of the chip, for example, as described in U.S. Patent 
5,952,681 to Chen. This may further reduce the light absorption in the ohmic contacts 
for the n-electrode. 

It also will be understood that flip-chip mounting and/or contact structures of 
Figures 17A and 17B may be used with other substrate geometries including cubic, 
triangular, pyramidal, truncated pyramidal and/or hemispherical, with reduced area 
first faces. Additional first face patterning in the form of grooves, via holes and/or 
other patterning features also may be provided, as was already described. Finally, 
texturing and/or roughening, as was already described, also may be employed. 
Roughening of the substrate and/or the diode region may be employed. Thus, the 
reflector 1744 may be formed on an intentionally roughened and/or patterned diode 
region 1320. This random roughness can enhance light extraction and/or decrease 
internal reflections. A specific pattern, such as a Fresnel lens, also may be used to 
direct the reflected light and/or enhance light extraction. The patterning can form an 
optical element once the reflector 1744 is applied. The dimension of the pattern may 
be on the order of a wavelength of the light that is emitted from the LED. 

Figure 1 8 is a cross-sectional view of light emitting diodes according to still 
other embodiments of the present invention. More specifically, Figure 18 illustrates a 
conventional ATON LED that includes a reflector on the diode region thereof. It has 
been found, unexpectedly, according to embodiments of the invention, that by adding 
a reflector to the diode region of a conventional right-side-up ATON and/or other 
LED, an increase in brightness of about 10% or more may be obtained compared to a 
conventional ATON and/or other LED that does not have a reflector on the diode 
region at the top surface thereof. Thus, by at least partially blocking the top surface 
with a reflector, increased light emission actually may be obtained. 

More specifically, referring to Figure 18, these LEDs 1800 include a substrate 
1310 and a diode region 1320 according to any of the embodiments described herein 
and/or according to conventional ATON and/or other LED configurations. An n- 
contact structure 1810 may be provided, according to conventional ATON and/or 
other configurations. Alternatively, an n-contact structure 1810, comprising an 
adhesion region 1812, such as about 1000 A of titanium, a barrier region 1814, such 
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as about 1000 A of platinum and a bonding region 1816 such as about 1 um of gold, 
may be provided. The adhesion region 1812 also can function as an ohmic contact 
and may additionally be reflective. 

Still referring to Figure 1 8, a p-contact structure 1820 may be provided. The 
5 p-contact structure 1820 may include a transparent ohmic region 1830 that can be 

similar to the ohmic layer 1742 of Figure 17A. An adhesion layer 1826, which can be 
similar to the adhesion layer 1734 of Figure 17A, also may be included. A barrier 
layer 1824, which may be similar to barrier layer 1736 of Figure 17A, also may be 
included. A bonding region 1822, which is similar to the bonding region 1738 of 

1 0 Figure 1 7 A, and a wire 1 840, which may be similar to the wire 1 750 of Figure 1 7A, 
also may be included. Moreover, conventional ATON/ITP ohmic contact structures 
also may be provided. According to some embodiments of the present invention, the 
p-contact structure 1820 includes a reflector 1828 therein, to reflect light back through 
the diode region 1320 and into the substrate 1310. The reflector 1828 may be similar 

1 5 to the reflector 1746 of Figure 17A. As was described above, unexpectedly, by 

adding a reflector 1828 to the top surface of the ATON and/or other LED, increased 
brightness, such as between about 1 .2 and about 1.3 times or more the brightness of a 
conventional ATON LED, may be obtained. 

Referring now to Figure 19, LED fabrication methods according to 

20 embodiments of the present invention now will be described. It will be understood 
that some of the blocks of Figure 19 may occur in a different order from that which is 
shown, and some blocks may be performed simultaneously rather than sequentially. 

Referring now to Figure 19 at Block 1910, a diode region is formed on a 
silicon carbide substrate. Preferably, a gallium nitride diode region is fabricated on a 

25 silicon carbide substrate, as described above. At Block 1920, grooves are sawed, 

etched, laser cut, reactive ion etched, wet etched and/or otherwise cut, and/or reactive 
ion etching is performed to form via holes on the first face of the substrate, as was 
described in connection with Figures 7-12 and 14-15. It will be understood that the 
grooves and/or via holes may be formed at Block 1920 prior to fabricating the diode 

30 region on the substrate and/or after fabricating the diode region on the substrate. 

Referring now to Block 1930, a contact structure is formed, for example as 
was described in connection with Figures 2-5, 1 1-12 and 16-17. It will be understood 
that the contact structure may be formed prior to forming grooves and/or reactive ion 
etching the via holes of Block 1920. 
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Referring now to Block 1940, dicing is performed to separate individual LED 
chips. It will be understood that dicing need not be performed if a wafer size LED is 
being fabricated and dicing may be performed prior to forming the electrode structure 
of Block 1930 and/or prior to sawing the grooves and/or reactive ion etching at Block 
5 1920. 

Then, referring to Block 1950, the diode is joined to a mounting support, for 
example using a solder preform and/or other joining techniques, for example as was 
described in connection with Figures 2-5, 1 1-12 and 16-17. At Block 1960, the diode 
is then packaged, for example in a plastic dome, as was illustrated in Figures 2-3 and 
10 16. LEDs having high extraction efficiency thereby can be manufactured efficiently. 

In the drawings and specification, there have been disclosed typical preferred 
embodiments of the invention and, although specific terms are employed, they are 
used in a generic and descriptive sense only and not for purposes of limitation, the 
scope of the invention being set forth in the following claims. 
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